With the current development of microelectronic technology, thermally conductive and electrically insulating encapsulation materials are in urgent demand. Hexagonal boron nitride nanosheets (BNNSs) possess a highly anisotropic thermal property. Therefore, the thermal conductivity of the BNNSs-based composites can be dramatically increased through the orientation of fillers. However, it is still difficult to well align BNNSs at high loadings due to the intensive aggregation. Herein, highly ordered thermoplastic polyurethane elastomer (TPU)/BNNSs composites are successfully fabricated by the combination of filler modification and magnetic alignment. The effective covalent modification with 2,4-tolylene diisocyanate (TDI) greatly increases the dispersibility of fillers, thus making it easy to well orient BNNSs at high loadings. The highly aligned fillers result in much higher in-plane thermal conductivity than the composites filled with disordered or less-ordered unmodified BNNSs. The thermal conductivity is as high as 5.15 W m À1 K À1 at 30 wt% loading. Moreover, the composite simultaneously exhibits low dielectric constant, low dielectric dissipation factor and excellent thermomechanical properties. These results reveal the promising application of such highly-ordered composites in advanced electronic packing. Fig. 9 (a) Storage modulus and (b) tan delta of the blank TPU resin and different composites with 10 wt% fillers. 43388 | RSC Adv., 2017, 7, 43380-43389 This journal is
Introduction
With the continued trend toward faster, higher integration and miniaturization of modern electronics, considerable heat is accumulated. Thermal management has thus emerged as a critical problem to the performance and reliability of electronic devices. Polymer composites lled with highly thermally conductive llers have been demonstrated to be effective thermal management materials. Many inorganic llers, such as AlN, 1-3 Al 2 O 3 , 4,5 SiC, 6, 7 and SiO 2 , 8 etc., are widely used as thermally conductive llers. With the development of carbon nanomaterials, carbon nanotubes, [9] [10] [11] [12] and graphene [13] [14] [15] [16] have also been widely employed to fabricate heat conductive composites owing to their super-high thermal conductivity. However, the high electrical conductivity of such carbon nanomaterials severely limits their applications in certain areas where electrical insulation is concerned. Being structurally analogous to graphene, hexagonal boron nitride nanosheets (BNNSs) have drawn far attention in the microelectronic industry due to their uniquely thermally conductive but electrically insulating properties. 17 Moreover, BNNSs show a higher thermal conductivity and a lower density in comparison with the above ceramic llers. 18 Therefore, BNNSs perform as a preferential selection for fabricating highly thermally conductive but insulating composites.
BNNSs have been widely applied in composites for improving thermal conductivity. However, the improvement in thermal conductivity is usually limited in previous reports. 19, 20 Besides the intrinsic properties of ller, the performances of composite are also closely associated with ller dispersion, 21 alignment, 22 and interfacial property. 3, 23 BNNSs occurs as typical anisotropic nanosheets, which show a super high inplane thermal conductivity of 2000 W m À1 K À1 , whereas a very low through-plane thermal conductivity of 100 W m À1 K À1 . 17, 24 Therefore, it is widely accepted that the orientation of BNNSs along the heat ux can signicantly increase the thermal conductivity of the composite. Recently, several approaches, such as electrostatic ocking, 25 doctor blading, 18, 26 stretching, 27 chemical vapor deposition, 11 freeze-casting, 28 tape-casting, 29 and magnetic eld, 24, [30] [31] [32] [33] [34] have been developed to construct aligned microstructures in composites. Among these llers array strategies, magnetic alignment is an attractive method duo to easy operation, low cost, and the possibility of aligning ller at arbitrary directions. 32, 34 However, it is still a challenging issue to well align llers at high ller loadings due to the severe aggregation and high viscosity. 26, 30 In addition to the orientation of the anisotropic llers, the homogeneous dispersion as well as the strong interfacial interaction between BNNSs and polymer matrices are both critical for sufficiently taking advantage of the super high inplane thermal conductivity of BNNSs. Many efforts have been devoted to surface modication of BNNSs to increase the dispersion and interfacial compatibility of BNNSs within polymer matrices. 21, [35] [36] [37] However, the improvement of thermal conductivity is still limited due to the inadequate surface modication and deteriorated intrinsic thermal conductivity of BNNSs during modication.
Elastomers have been considered to be materials of choice in electronic packaging systems, owing to excellent properties, including high elasticity, abrasion resistance and easy processibility. In this paper, based on the combination of ller modication and magnetic orientation, highly-ordered thermoplastic polyurethane elastomer (TPU)/BNNSs composites with high thermal conductivity are successfully prepared. The whole preparation process is schematically illustrated in Fig. 1 . Firstly, the BNNSs with magnetic response (mBNNSs) are prepared through the introduction of magnetic Fe 3 O 4 nanoparticles on their surfaces. By utilizing the hydroxyl groups (-OH) on the Fe 3 O 4 surfaces, mBNNSs are further covalently modied with 2,4-tolylene diisocyanate (TDI) molecules. Finally, due to the homogeneous dispersibility of llers, the highly ordered BNNS-TDI/TPU composite can be obtained by applying a rotating magnetic eld during resin curing. By virtue of high orientation degree of llers and the strong interfacial interaction, the mBNNS-TDI/TPU composites possess the simultaneous properties of high thermal conductivity, low dielectric constant, low dielectric dissipation factor, as well as excellent thermomechanical performances, which are envisaged to be particularly valuable for advanced electronic packaging.
Experimental

Materials
4,4 0 -Phenyl methane diisocyanate (MDI), 1,4-butanediol (BDO), ferrous chloride tetrahydrate (FeCl 2 $4H 2 O), sodium hydroxide (NaOH), hydrogen peroxide (H 2 O 2 ), 2,4-tolylene diisocyanate (TDI), organotin catalyst (DBTDL) and all organic solvents were purchased from J&K Chemicals. Poly(butylenes adipate) glycol (PBA) was kindly supplied by Qingdao Xinyutian Chemical Co., Ltd, China. Deionized water was used throughout all experiments, and all reagents were used directly, without any purication.
Preparation of magnetically responsive BNNSs (mBNNSs)
The mBNNSs were prepared through an in situ generation method, in which Fe 3 O 4 nanoparticles were nucleated on the surface of BNNSs by oxidizing the aqueous Fe(OH) 2 suspension at room temperature. Firstly, 2 g BNNSs (prepared by the method reported in our previous literature, 38 500 nm to 2 mm in diameter, about 2 nm in thickness, Fig. S1 †) were dispersed into 100 ml deionized water through bath sonication for 30 h at 25 C. 1 g FeCl 2 $4H 2 O was then added into the above solution under rapid mechanical stirring. At this stage, the positive Fe ions are attracted onto the BNNSs surface. Subsequently, 120 ml NaOH aqueous solution (0.1 mol l À1 ) was slowly added to form an dark-green Fe(OH) 2 colloidal solution. Finally, this colloid was oxidized into magnetic Fe 3 O 4 nanoparticles by H 2 O 2 at room temperature. As a result, the white BNNSs change into black particles ( Fig. S2 †) . Aer vigorous bath-sonication for 2 h, the obtained black product was subjected to vacuum-assisted ltration using a 0.45 mm pore size membrane to remove free Fe 3 O 4 nanoparticles. The nal product was re-dispersed in water through sonication and collected by magnetic separation, followed by vacuum drying.
Surface modication of mBNNSs
1 g mBNNSs was dispersed into 200 ml dry toluene by ultrasonication for 30 min at room temperature. Then, 100 mg TDI and three drops of organotin catalysts were added. The mixture was stirred for 8 h at 80 C under a steady nitrogen ow. Aer the reaction, the modied mBNNSs particles, named as mBNNS-TDI, were centrifuged, washed by acetone and vacuum dried at 60 C for 8 h.
Fabrication of highly ordered composites with mBNNS-TDI
MDI, PBA and BDO were used to synthesize hydroxyl-terminated TPU resin and the highly ordered mBNNS-TDI/TPU composites were fabricated through magnetic orientation strategy, as the following process: rstly, mBNNS-TDI with various weights were dispersed into appropriate amount of N,N-dimethylformamide (DMF) and sonicated for 2 h. At the same time, PBA were vacuum dehydrated for 2 h at 100-120 C. Aer cooling to 70-80 C, the mBNNS-TDI suspension was slowly dropped into the cooled PBA liquid within 2 h under rapid stirring. Then, the required quantity of MDI was added to trigger prepolymerization under N 2 protection, until the -NCO % content approached the predetermined value. Finally, BDO was introduced to start the expending chain process (the molar ratio of PBA : M-DI : BDO was set at 1 : 1.98 : 1). The mixture was further stirred vigorously for 30 min. Aer that, the solution was poured into a Teon mold and then placed into a horizontal magnetic eld for 5 h at room temperature. The sample was further dried at 60 C for 12 h without a magnetic eld and followed by curing at 120 C for 24 h.
Characterization
Powder X-ray diffraction (XRD) detection was carried on a PANalytical diffractometer using Cu Ka radiation. Raman study was taken on a confocal Raman spectroscopic system (Renishaw, InVia) with a 532 nm excitation laser. Fourier transform infrared (FT-IR) spectra was obtained using an AVATAR 360 Fourier transform infrared spectrometer, with the range of 500-4000 cm À1 . Thermal gravimetric analysis (TGA) was conducted on a thermoanalyzer (SDT Q600 V20.9 Build 20, TA Instruments) with a heating rate of 10 C min À1 under a nitrogen atmosphere. Transmission electron microscope (TEM) characterization was performed on a FEI Tecnai G2 F20 transition electron microscope. The TEM specimen was prepared by evenly dispersing Fe 3 O 4 nanoparticles or mBNNSs into a mixed solvent of deionized water and ethanol through sonication, and then dropping a small volume of the dispersion on a carbon coated copper grid. Scanning electron microscopy (SEM) observation was conducted on a FEI Helios Nanolab 600i scanning electron microscope. Differential scanning calorimetry analyses (DSC) were obtained by using a 200 F3 instrument (NETZSCH, Germany) at a heating rate of 10 C min À1 under a nitrogen atmosphere. The magnetic properties of Fe 3 O 4 nanoparticles, mBNNSs and mBNNS-TDI were studied through using a vibrating scanning magnetometer (VSM, Lake Shore VSM 7307). The in-plane thermal conductivities of the samples were tested on a Hot Disk thermal analyzer (Hot Disk AB, Uppsala, Sweden). At least three separate tests were carried on each sample, and the average value was reported. The dielectric properties of the blank TPU resin and corresponding composites were detected by using a Novocontrol Concept 40 broadband dielectric spectroscopy at room temperature. Before measurements, gold nanoparticles were deposited on both surfaces of the circular specimens. The thermal-mechanical properties of TPU resin and various composites were investigated using a dynamic mechanical analyzer (DMA, Q800, TA Instruments) at the stretch mode with at a heating rate of 3 C min À1 .
Results and discussion
Characterization of mBNNSs
During powerful sonication of BNNSs, a large number of defects, including dislocations, topological defects and vacancies, can be formed on the surface. 39 To reduce the energy at defect positions, the highly reactive defects will capture -OH groups in aqueous solution. 40 As revealed by XPS analysis (Fig. 2a ), apart from the typical B-N peak (190.3 eV), a small peak attributed to the B-O bond also appears at 191.1 eV. This result is in good agreement with the result reported by Sun et al. 41 and implies the successful introduction of a small number -OH groups on BNNSs surface. As a result, it is rational to speculate that the positive Fe ions would be attracted onto the BNNSs surface through the electrostatic attraction between Fe 2+ and -OH, thus forming the initial Fe 3 O 4 "seeds". 41 Fig. 2b shows the XPS spectra of BNNSs and mBNNSs. It is noticed that a signal assigned to Fe (2p 1/2 , 2p 3/2 ) appears and an increase in the intensity of the O1s peak in the spectrum of mBNNSs, indicating the successful formation of Fe 3 O 4 on the BNNSs surface. It is worth noting that the peaks of Fe2p 1/2 (724.3 eV) and Fe2p 3/2 (710.6 eV) are both shied to lower binding energies in comparison with the reported values(724.8 eV and 711.2 eV). 42 which is consistent with the result reported by Yao et al. who carried out XPS detection on BNNS-Ag hybrid 43 and reveals the interaction between Fe 3 O 4 nanoparticles and BNNSs. The successful synthesis of Fe 4 O 3 nanoparticles on the BNNSs surface is further veried by the XRD analyses of BNNSs and mBNNSs ( Fig. 2c ). Clearly, compared with BNNSs, the XRD spectrum of mBNNSs exhibits four new peaks, which appear at 2q ¼ 30.21 , 35.51 , 57.43 and 62.91 , respectively. In accordance with the reference date (JCPDS card no. 19-0629), these feature peaks are attributed to the (220), (311), (511) and (440) planes of Fe 3 O 4 , respectively. Also it could be seen that no impurity peaks are detected, revealing the high purity of the asobtained mBNNSs. The TEM characterization reveals that the as-prepared Fe 3 O 4 is nanosphere-like particles with an average particle size of about 23 nm. Furthermore, due to the size effect and surface adsorption of nanoparticles, the Fe 3 O 4 nanoparticles are severely agglomerated together ( Fig. 2d ). Fig. 2e clearly conrms that the successful formation of a hybrid ller, in which the surface of BNNSs is covered with spherical Fe 3 O 4 nanoparticles, a result that is consistent with the analyses of XPS and XRD. In addition, as revealed by TEM image, aer strong ultrasonic dispersion (200 W, 2 h) of mBNNSs during the preparation of TEM specimen, Fe 3 O 4 nanoparticles are detected only on the BNNSs surface, without any free nanoparticles. This result implies strong interaction between Fe 3 O 4 nanoparticles and BNNSs.
It should also be noted that, due to the size effect, there is a large amount of -OH groups on the surfaces of Fe 3 O 4 nanoparticles in aqueous solution, as conrmed by FTIR analysis (Fig. 2f ). The absorption peak resulting from Fe-O stretching vibration is observed at 586 cm À1 . In addition, a broadened peak assigned to -OH stretching vibration, and the one corresponding to the bending vibration of -OH are also observed at $3200 cm À1 and at 1392 cm À1 , respectively. An small peak at 1635 cm À1 is the result of O-H + bending vibration for hydrogen bond. All these results reveal the presence of -OH functional groups on Fe 3 O 4 surface, which make it possible to covalently modify mBNNSs, as discussed below.
Characterization of mBNNS-TDI
As is well known, the thermal transport performance of composites is closely associated with the dispersibility and interfacial compatibility of ller within resin matrices. However, the low chemical activity of the BNNSs usually results in a poor interfacial interaction between BNNSs and polymer matrices. Therefore, surface modication is necessary to enhance the adhesion of BNNSs to resin matrix. However, the reliable and effective approaches for BNNSs surface functionalization are still lacking because of their chemical inertia. It is thus highly attractive to introduce active groups onto BNNSs surface for increasing chemical activity. The above characterizations of Fe 3 O 4 nanoparticles demonstrate that the synthesis of Fe 3 O 4 nanoparticles on BNNSs surface can introduce a large number of -OH groups on their surfaces. This makes it possible to covalently functionalize mBNNSs. Isocyanates are highly chemically active and can react with many compounds, such as amines, alcohols, carboxylic acids, and so on. They are considered to be ideal functional reagents for the surface modication of inorganic nanoparticles. Herein, the low viscosity 2,4-diisocyanate (TDI) was employed to covalently modify the surface of mBNNSs. TDI molecular contains two isocyanate groups (-NCO), in which one can react with the -OH groups on the surface of the mBNNSs, another one makes mBNNSs highly chemically active. [44] [45] [46] In order to conrm the successful covalent modication of mBNNSs by TDI molecules, FTIR analyses for the BNNSs, mBNNSs and mBNNS-TDI were performed, as shown in Fig. 3a .
The pure BNNSs exhibit two strong absorption peaks at 817 and 1375 cm À1 , which result from the B-N-B out-of-plane bending mode and B-N in-plane stretching vibration, respectively. The unimpressive peak around 3440 cm À1 is the result of a trace amount of surface moisture. 47 For mBNNSs, as expected, in addition to the absorption peaks assigned to BNNSs, the absorption peak attributed to Fe-O bond stretching mode ($586 cm À1 ) and a broadened peak corresponding to the -OH groups ($3200 cm À1 ) are also observed. In the case of mBNNS-TDI, the peak assigned to the -OH groups disappears, while some additional peaks clearly appear, including the stretching vibrations of -NCO (2274 cm À1 ), -NHCOO-(1728 cm À1 ) and phenyl ring (1618 and 1510 cm À1 ). The existence of these new peaks conrm that TDI molecules are successfully graed onto the surface of mBNNSs. Moreover, because of the effect of strong covalent bonds between Fe 3 O 4 nanoparticles and TDI molecules on the Fe-O lattice, the Fe-O bond stretching peak shis from 586 cm À1 to 575 cm À1 . TGA study was further performed to comparatively characterize the BNNSs, mBNNSs and mBNNS-TDI. As depicted in Fig. 3b , the unmodied BNNSs possess high thermal stability, with only 0.32% water evaporation until 800 C. Aer magnetic modication, the samples begin to lose weight around 160 C. This weight loss is attributed to the removal of -OH groups on the surface of Fe 3 O 4 nanoparticles. Regarding of mBNNS-TDI, however, there is a signicant weight loss between 220 C and 500 C. This weight loss is due to the thermal degradation of TPU molecular chains graed onto the surface of mBNNSs, in good agreement with FTIR analysis. In combination with the weight loss data of mBNNSs, the weight graing degree of TDI on mBNNSs surface is calculated to be 8.31 wt%. It should be pointed out that the hexagonal structure of BNNSs is well preserved aer modication, as the Raman spectra of mBNNSs and mBNNS-TDI both show the E 2g phonon mode at 1365.4 cm À1 , which is identical to that of the pure BNNSs (Fig. S3a †) . In addition, a small peak appears at $680 cm À1 , further indicating the presence of Fe 3 O 4 nanoparticles. 48 Moreover, the intrinsic crystalline properties of BNNSs and Fe 3 O 4 are also well retained aer modication, as revealed by XRD results (Fig. S3b †) , in which mBNNS-TDI shows essentially the same diffraction peaks as the mBNNSs.
To obtain quantitative information about the magnetic properties of mBNNS-TDI, the room-temperature magnetization characteristics of mBNNS-TDI along with mBNNS and Fe 3 O 4 nanoparticles were investigated by VSM. As shown in Fig. 4 , the pure Fe 3 O 4 nanoparticles exhibit superparamagnetic behavior with a saturation magnetization of 72.46 emu g À1 . The mBNNSs are also superparamagnets with negligible remanence (0.14 emu g À1 ) and coercivity (1.2 Oe). Such magnetic properties are agreement with the fact that most of the Fe 3 O 4 nanoparticles anchored on BNNSs surface possess diameters less than 25 nm and are typical single domain magnets. 49 However, the magnetization of mBNNSs decreases to 38.99 emu g À1 because of the existence of non-magnetic BNNSs. For mBNNS-TDI, they show the same superparamagnetic behavior with a slightly reduced magnetization of 35.25 emu g À1 . The magnetic response of mBNNS-TDI can be easily and quickly visualized by placing the mBNNS-TDI water solution close to a small magnet. As shown in the illustration (right below) in Fig. 4 , all mBNNS-TDI particles are attracted to the magnetic source, illustrating their good magnetism. As discussed above, the effective magnetic modication and TDI covalent functionalization of BNNSs were successfully achieved through covering their surfaces with Fe 3 O 4 nanoparticles followed by treating with TDI. The as-obtained mBNNS-TDI is the promising ller to be used as building block for the preparation of thermoconductive composites with a perfect alignment of mBNNS-TDI.
Orientation of mBNNS-TDI in TPU matrix
During the preparation of composites with magnetic oriented llers, the external magnetic eld plays a crucial role in engineering the alignment of ller in polymer matrix. In this work, a method reported by Jiao et al. 33 was adopted to theoretically predict the minimum magnetic eld (H m ) required to align mBNNS-TDI in TPU matrix. Briey, according to the elliptical shell model, there are magnetic torque (T m ), gravitational torque (T g ), and viscous torque (T v ) acting on the mBNNS-TDI during the orientation process, where T m , T g and T v can be calculated according to the eqn (S1)-(S3), † respectively.
When the probability of mBNNS-TDI having the orientation angle (q) in the range from 0 to 5 reaches up 90%, it is believed that the orientation structure is achieved. The probability (P) of mBNNS-TDI within this range (0-5 ) can be predicted through Boltzmann statistics, as following: where Z is the sum of the Boltzmann factors of any possible states of alignment of llers, T is actual temperature, K B is the Boltzmann factor (1.38 Â 10 À23 J K À1 ). Following the eqn (S1)-(S3 †) and eqn (1) and (2), the H m is calculated to be about 60 mT for the composites with 10 wt% loading, suggesting that the mBNNS-TDI can be well oriented in TPU resin under a very low magnetic eld.
The mBNNS-TDI/TPU composite with an in-plane-aligned structure (ImBNNS-TDI/TPU) was fabricated by applying a low magnetic eld during resin curing. For comparative purposes, in-plane-aligned mBNNSs/TPU composite (ImBNNSs/TPU) and randomly aligned mBNNSs/TPU composites(RmBNNSs/TPU) were also prepared. SEM characterization was performed on the fractured surfaces of various composites, and the representative results are shown in Fig. 5 . For RmBNNSs/TPU, many mBNNSs platelets and aggregates are randomly dispersed in TPU matrix (Fig. 5a ). The aggregation is so strong that the magnetic eld cannot lead to a well oriented structure, as revealed by the cross-section SEM image of ImBNNSs/TPU composite, in which some aggregations and unaligned mBNNSs are clearly observed (Fig. 5b) . In the case of ImBNNS-TDI/TPU, mBNNS-TDI is uniformly dispersed in TPU matrix and well orientated along the direction of the magnetic eld (Fig. 5c ), implying the importance of surface modication. The -NCO groups from TDI graed onto the mBNNSs surface can react with the terminal -OH groups of TPU, thereby increasing the dispersibility and interfacial affinity of mBNNS-TDI within the TPU matrix, which in turn greatly promote the orientation of mBNNS-TDI. Such homogeneous dispersion and strong interfacial interaction are also conrmed by the "disappearance" of most mBNNS-TDI in composite. The orientation features of llers can be more clearly visualized from low magnication SEM images, as shown in Fig. 5d-f . In sharp contrast to the disordered feature of RmBNNSs-TDI/TPU (Fig. 5d ), ImBNNSs-TDI/TPU presents a ordered architecture (Fig. 5f ). However, for HmBNNSs/TPU composites, the ordered features become less noticeable due to many unaligned llers (Fig. 5e ).
The XRD detection of composites can provide further support for the magnetic orientation of llers in matrix. As reported in previous works, 26,50 the (002) and (100) plane peaks, which are centered at 26.7 and 41.6 , correspond to the horizontally and vertically aligned BNNSs, respectively. Therefore, the intensity (I) ratio between (002) and (100) peaks can represent the horizontal orientation degree (d) of llers. Fig. 6 gives the XRD patterns of three different composites with 10 wt% loading. Clearly, there is a great difference in d values among these three composites. The magnetic eld only promotes the orientation of mBNNSs a little due to the severe aggregation of mBNNSs. Aer the TDI covalent modication, the horizontal orientation degree of mBNNS-TDI dramatically increases. The same tendency of the orientation degree variation for the composites containing 5, 20 and 30 wt% llers are depicted in . † These results further reveal that TDI covalent modication signicantly enhances the orientation of mBNNS-TDI in TPU resin under magnetic eld. The XRD results are in consistent with the SEM observation, and can also be employed to explain the difference in the thermal transport performances for the three composites, as discussed below.
Properties of ImBNNS-TDI/TPU composites
The in-plane thermal conductivities of different composites with various loadings were measured. As shown in Fig. 7 , all composites show the same tendency, i.e., the thermal conductivity increases with the increase of ller loading. This tendency can be ascribed to the increasing contribution of heat transport through llers at higher loadings. At the same loading, however, the thermal conductivity is greatly different among these three composites. The differences can be explained by the different arrangement of llers in various cases. BNNSs exhibit a highly anisotropic thermal property: the in-plane thermal conductivity is almost 20 times higher than the through-plane thermal conductivity. Therefore, the ImBNNS-TDI/TPU composite with the well aligned structure exhibits the highest effectiveness in increasing the thermal conductivity. For polymer composites, the relationship between the thermal conductivity and ller loading can be tted the mode proposed by Agari et al. as follows: 51
where l c , l m and l f and are the thermal conductivities of composites, polymer matrices and llers, respectively; V is the ller volume fraction; C m is a parameter that relates to the polymer structure, C f represents the ease in forming conductive pathways by llers. In this tting, the average value of C f shows the order of RmBNNSs/TPU (3.6) < ImBNNSs/TPU (3.8) < ImBNNSs-TDI/TPU (4.4). The sequence is well consistent with that of the orientation degree of ller given by XRD investigation, implying that the oriented mBNNSs can easily construct thermally conductive paths along the aligned direction. Therefore, the ultra-high in-plane thermal conductivity of BNNSs and the formation of efficient thermally conductive pathways both are responsible for the high thermal conductivity of ImBNNS-DI/TPU composites. Together with uniform dispersion and strong interfacial interaction, the heat in ImBNNS-TDI/TPU composite can, thus, be easily collected and conducted by highly-oriented mBNNS-TDI particles.
It is also noted that the difference in the thermal conductivity between RmBNNS/TPU and ImBNNSs/TPU is greatly diminished at 30 wt% loading. The thermal enhancement (dened as the thermal conductivity improvement percentage with that of RmBNNSs/TPU as a reference) initially increases with the increasing ller content, being as high as 159.91% at 10 wt%, whereas drops quickly to 40.09% at 30 wt% loading. The reduction of thermal enhancement at high ller content can be explained according to the orientation degree given by XRD detection (Fig. 6 and S4 †) . The orientation degree of ImBNNSs/TPU with 30 wt% loading only increases from 46.1 of RmBNNSs/TPU to 96.8. The corresponding orientation degree enhancement is much lower than those obtained at low loading. With an increase in the loading of llers, the aggregation increase correspondingly, thus severely hindering the magnetic orientation of mBNNSs in TPU matrix. The relatively disordered arrangement of mBNNSs results in the decrease of the heat transfer efficiency parallel to the in-plane direction, thus a lower increase in the thermal conductivity at high loadings. However, in the case of ImBNNS-TDI/TPU composites, owing to uniform dispersion of llers, it is possible to obtain a high orientation degree at high loading (d is 1015.3 at 30 wt%). Therefore, with the thermal conductivity of ImBNNSs/TPU as a reference, the thermal enhancement of ImBNNS-TDI/TPU composites increases with the increasing ller loading. At 30 wt% loading, the thermal conductivity of the ImBNNS-TDI/ TPU composite is dramatically increased to 5.15 W m À1 K À1 , displaying 105.22% and 190.97% increases with respect to the ImBNNSs/TPU and RmBNNSs/TPU composites, respectively.
Besides in-plane thermal conductivity, the through-plane thermal conductivities of as-prepared composites were also measured ( Fig. S5 †) . For RmBNNSs/TPU composites, the through-plane thermal conductivity is slightly lower than the inplane thermal conductivity. For instance, at 30 wt% loading, the in-plane thermal conductivity is 1.771 W m À1 K À1 , whereas the through-plane thermal conductivity is only 1.635 W m À1 K À1 . This is mainly attributed the large aspect ratio of mBNNSs, which facilitates the mBNNSs to arrange along the horizontal direction spontaneously, 18 as revealed by XRD characterization. Aer magnetic orientation, the through-plane thermal conductivity is further reduced in comparison with that of RmBNNSs/TPU composite. Moreover, the difference in the through-plane thermal conductivity between RmBNNS/TPU and ImBNNSs/TPU is gradually diminished with the increasing ller loadings, which can be explained by the fact that the horizontal orientation degree of llers is gradually reduced with the increase of mBNNSs loadings. Due to more horizontally arranged llers, the ImBNNS-TDI/TPU composite exhibits the minimum efficiency in increasing the through-plane thermal conductivity. With 30 wt% loading, the through-plane thermal conductivity of the ImBNNS-TDI/TPU composite is merely reaches 1.283 W m À1 K À1 , corresponding to 17.33% and 21.35% reductions compared to the ImBNNSs/TPU and RmBNNSs/TPU composites, respectively.
The effects of ller orientation and modication on the dielectric properties of composites were investigated, as presented in Fig. 8 . For RmBNNSs/TPU composites, the addition of mBNNSs has no negative impact on the dielectric constant and dielectric loss tangent. This should be attributed to the high electrical insulation of mBNNSs. Aer magnetic alignment, the ImBNNSs/TPU composite exhibits slightly lower dielectric constant and dielectric dissipation factor compared with those of RmBNNSs/TPU composite, and their values at 1 kHz drop from 6.01 to 5.61 and 0.038 to 0.035, respectively. As revealed by DSC analysis (Fig. S6 †) , the ImBNNSs/TPU composite possess a higher T g value than that of RmBNNSs/TPU composite. This indicates that the orientation of mBNNSs are more effective to inhibit the movement of the TPU molecular chains in comparison with randomly dispersed mBNNSs in TPU. As a result, the bulk polarization in TPU resin and the mobility of the charge carrier are restricted, which result in a decrease in dielectric constant and dielectric dissipation factor. For ImBNNS-TDI/TPU composite, beneting from the higher degree of orientation, homogeneous dispersion and strong interfacial interaction, the immobility of TPU molecular chain is further enhanced, as conrmed by the DSC result, in which the T g of ImBNNS-TDI/TPU is increased from À31.11 C of ImBNNSs/ TPU to À27.25 C. Consequently, a signicantly reduction in dielectric constant (4.69 at 1 kHz) and dielectric dissipation factor (0.029 at 1 kHz) is achieved in ImBNNS-TDI/TPU composite. Furthermore, with the increasing mBNNS-TDI loading, the more highly immobile interfaces will be formed, therefore, the dielectric constant and dielectric dissipation factor even decrease with the increase of BNNS-TDI content, as shown in Fig. S7 . † Table 1 summarizes previously reported thermal conductivity and dielectric property for polymer composites with various llers. the composite and resin matrix, respectively. Obviously, the thermal conductivity enhancement of our ImBNNS-TDI/TPU composites is extremely high. In addition, the observed decrease of l c and tan d c in ImBNNS-TDI/TPU composites is attractive, as the incorporation of inorganic particles into insulating polymers usually results in high l c and tan d c , such as SiC, Al 2 O 3 , and AlN, etc. The simultaneous properties of high K c , low l c and low tan d c pave the way for promising application in electronic packaging. The thermomechanical properties of the composites were also investigated through DMA analysis ( Fig. 9 ). As expected, all composites exhibit a higher dynamic storage modulus (E 0 ) than that of the pure TPU resin due to the inherent hardness and high storage modulus of BNNSs. The ImBNNS-TDI/TPU composite show the maximum increase over the whole temperature range. In glassy region, the E 0 value is up to 5823 MPa, 2.2-fold higher than that of the TPU resin (1829 MPa). However, the RmBNNSs/TPU composite exhibit the minimum efficiency in increasing the E 0 . The sequence of the enhancement in E 0 of the three composites is well agreement with that of thermal conductivity, which can be explained by the orientation degree and interfacial strength. Fig. 9b presents the variation of loss tangent (tan d) with temperature. Obviously, the T g , dened as the temperature corresponding to the peak of tan d curve, is well consistent with the values obtained from DSC curves, with the order of the blank TPU resin < RmBNNSs/ TPU < ImBNNSs/TPU < ImBNNS-TDI/TPU, further conrming a strong interfacial interaction in ImBNNS-TDI/TPU.
Conclusions
In this study, we investigated the thermal conductivity of BNNSs-based composites as a function of ller alignment. The BNNSs surfaces were rstly modied with strong paramagnetic Fe 3 O 4 nanoparticles to make them magnetically responsive. Then, TDI molecules were covalently graed onto the mBNNSs surfaces to increase the dispersibility and interfacial affinity of mBNNS-TDI within TPU matrix. Finally, the highly-ordered mBNNS-TDI/TPU composites were easily fabricated through a low magnetic eld. Owing to the effective surface modication, it is possible to obtain a high orientation degree at high loadings. With the highest ller loading, the in-plane thermal conductivity of ImBNNS-TDI/TPU composite reaches up to 5.15 W m À1 K À1 , whereas the ImBNNSs/TPU composite show a relatively low thermal conductivity of 2.48 W m À1 K À1 due to a low orientation degree of llers at high loading. Furthermore, the ImBNNS-TDI/TPU composites have low dielectric constant, low dielectric dissipation factor and outstanding thermomechanical properties. This work opens a new avenue for the fabrication of high-thermal-performance BNNSs-based elastomer composites, which have great potential in advanced electronic packaging techniques.
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